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ABSTRACT

The time variation of the atmospheric radiation regime is
investigated for a selected synoptic situation. Elsasser's graphical
method shows the diurnal variation of the upvard-directed long-wave flux
to be in phase with surface temperature changes, but no such change of
downward flux was found. Clouds reduce the upward flux above the cloud
tops and increase the downward flux below their bases. Long-wave
radiative cooling is greatest above cloud tops and at upper surfaces of

inversions. Ground surface temperature is shown to be very important in

the long-wave regime.

Short-wave molecular scattering and surface reflection are evaluated
for a model atmosphere by Chandrasekhar's exact method and are adapted
for the synoptic situation. Water vapor absorption, ozone absorption,
and the effects of atmospheric dust are approximatéd. Surface reflection,
water vapor absorption, and absorption by particulates in a polluted
atmosphere all play dominant roles, while the effects of molecular
scattering and ozone absorption are relatively minor in the over-all

energy regime.
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i

DISTRIBUTIONS OF ATMOSPHERIC RADIATIVE HEATING
AND COOLING

I INTRODUCTION

The present study is an evaluation of the long-wave and short-wave
radiative energy transfers in a synoptic situation selected as being
typical. The motivation for the study was two-fold. First is the need
for non-adiabatic heating functions for use in dynamical-numerical
atmospheric models. Secondly, the imminent availability of satellite
radiation measurements makes it highly desirable to study the relation
between the energy fluxes emerging from the top of the atmosphere and

the processes occurring within the atmosphere. -

The report covers a case study of the radiative energy transfers
in a vertical column over a given station as a function of time during
the passage of a weather system. The selection of a station for the
study and the general synoptic conditions are described in Sec. II of the
report. In order to facilitate the computations and the analyses of the
flux distributions, the synoptic situation was idealized; the method and

assumptions used to accomplish this are discussed in Sec. III.

The studies of the long-wave regime and the short-wave regime were
conducted separately and are accordingly reported separately in Secs. IV
and V. 1In the long-wave regime, only the radiative exchanges due to the
absorption and emission by water vapor are considered. The fluxes are
determined by means of Elsasser's radiation chart®* and their distri-
butions are presented in a series of time cross sections. The study of

the short-wave regime investigates the molecular scattering and surface

* All references are listed at the end of the report.
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reflection of solar radiant energy by the use of the exact theory of
radiative transfer as first derived by Chandrasekhar.? Water vapor
absorption of short-wave radiation is examined by an empirical method
developed by Korb, et al.,'! and the effects of haze and dust are
determined by means of a three-layered atmospheric model. The rate of
heating by ultraviolet absorption of ozone is calculated on the basis

of the latest information on ozone distribution.

Concurrent investigations under this project are concerned with
the dynamical significance of non-adiabatic heating and ceoling distri-
butions on the evolution of atmospheric circulations. Dynamical-
numerical integration with prescribed fields of heating rates are carried
out for this purpose. This work will appear in a later report. These
parallel investigations should lead to dependent heating formulations
which will be useful in further realization of the inherent predicta-
bility of atmospheric motions and the weather.



II THE SYNOPTIC SITUATION

The selection of a station for the case study required that the
station have (1) sufficient meteorological data to facilitate the compu-
tations of radiation fluxes, (2) a cyclone or frontal passage to bring
about changes in the state of the atmosphere, (3) clear-sky conditions
before and after the passage of the disturbance as 'references,' and

(4) a location preferably on flat, continental terrain.

The station selected as meeting these r~quirements was Omaha,
Nebraska, which experienced a cyclone-frontal passage during the period
12-16 March 1957. At the beginning of the period (12 March 1957) almost
the entire Midwest, including Omaha, was under a weak high-pressure
system and, except for a few scattered cirrus, clear skies prevailed
throughout most of the area. On the 13th of March, a weak low situated
on the lee-side of the Rocky Mountains initiated a regeneratién with an
accompanying frontogenesis. This continued to develop on the 14th, the
center of the low and the polar front with its associated weather passing
through Omaha at about 0300Z on this date. This was followed on the 15th
and 16th by the outbreak of cold continental polar air behind the front
and a build-up of a high-pressure cell with clear skies over Omaha and
much of the Midwest. ‘Figure 1 shows the synoptic situation over the
United States at 1830Z, 14 March 1957.

The time-section analysis of the synoptic situation, as well as the
flux computations and the analyses of the radiation fields, was based on
the usual meteorological data (pressure, temperature, humidity) as
published in the U.S. Weather Bureau's Northern Hemisphere Data Tabulation
and on synoptic data (WBAN 10A and B) obtained from the National Weather
Records Center. Lack of data on the moisture distribution above 400 mb
made it necessary to extrapolate the moisture curve to the tropopause
level in all cases. The procedure used here was to extend the dewpoint

sounding upward from the point of its termination with a curve that
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paralleled the mean moisture distribution at the latitude for Omaha as
given by London.!

Insufficient data on the heights of the cloud bases and tops also
posed a serious obstacle in the determination of the radiation fluxes.
Some information on cloud-base heights was available from the synoptic
reports, but values of cloud-top heights were completely lacking.
Estimates were made by using the synoptic reports and the cloud analysis
criteria employed by Wilk? as guides and subjectively analyzing the

meteorological soundings.



III MODELING OF THE SYNOPTIC SITUATION

The usual synoptic time cross-sectional analysis of the meteorological
parameters (i.e., pressure, temperature, moisture plus clouds, frontal
surface and weather) presented much too complex a picture of the changing
atmospheric state for computing radiative fluxes. In order to make it
more tractable for our study, the original time cross-sectional analysis
was simplified by reproducing the synoptic situation in a schematic
representation as shown in Fig. 2. In the model, the vertical distributions
of pressure, temperature, and moisture as reported in the observational
data were faithfully retained, for the most part, but the field of
each parameter was smoothed of some detail. An observation of blowing
dust reported during one period was omitted because it added complications

requiring study that was beyond the scope of the present effort.

The most significant modification of the synoptic conditions
was made with respect to the cloud distributions. Besides the previously
mentioned lack of data on the heights of cloud tops, the complexity
introduced into the radiation field by the physical parameters of the
clouds compelled gross simplifications to be made as follows: (1) all
clouds were assumed to be black bodies and only radiation from their
tops and bases was considered, (2) all amounts of cloudiness were
considered as moving over the station as one smooth-surfaced cloud
body, (3) the period for the radiation field to go from the clear-sky
condition to cloudy condition was assumed to be two hours for all amounts
of cloudiness, (4) a discontinuity in the flux distribution was considered
to occur right at the leading and trailing edges of the cloud layers,
(5) heavy continuous precipitation was also assumed to be black body and
was considered together with the accompanying cloud as such, and (6)
multi-layered clouds were assumed continuous in the vertical such as to
form a single layer. In the case of the partial cloudiness the fluxes

were determined by weighting the fluxes according to the following formula:
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(N)

. F. = F(1-N)+F

P c o

- where Fp is the weighted flux value for partial cloud cover condition,
FC is the flux value for clear sky condition, F., is the flux value for
overcast conditions, N is the amount of cloud cover in tenths of the sky.
N = 1.0 indicates overcast conditions, and N = 0 indicates no cloud

conditions.

There is no measurement on a regular routine basis of the soil
surface temperature which is needed for determining the flux of radiant
energy emitted by the earth's surface. Thus in the time section, the
ground surface temperature was assumed to be equivalent to the reported
surface air temperature of the meteorological observations. The effects

and consequences of this assumption are discussed in a later section.



IV THE LONG-WAVE TERRESTRIAL RADIATION REGIME

A, GENERAL

The primary interests in the study of the long-wave terrestrial
radiation were the determination of the long-wave flux distribution and its
variations within the troposphere during changing synoptic conditions,
the examination of the physical processes responsible for bringing
about the variations, and the determination of the heating or cooling
occurring in the troposphere resulting from long-wave raﬁiative exchanges.
Another aspect of the study was to relate the emergent radiant fluxes
from the top of the atmosphere, as might be detected by a satellite, with

the radiation processes within the atmosphere.

The atmospheric constituents that are important for the absorption
of radiant energy within the épectral range of terrestrial radiation are
water vapor, carbon dioxide, and ozone. Although at any level (especially
the higher 1evels) of the troposphere, the carbon dioxide flux may be a
significant percentage of either the total upward or downward long-wave
flux; its net contribution to long-wave radiative temperature changes in
the troposphere is generally very minor compared to that of water vapor.
For our purposes, it was considered insignificant. Similarly the effects
of tropospheric ozone were not included in the present study since the
small concentration of this gas makes its role in the tropospheric radiative
cooling or heating processes inappreciable. Thus, the present study of
terrestrial radiation considered only the radiative exchanges due to the
absorption and emission by water vapor which, in addition to its important
absorptive properties, is distributed within the troposphere in greater

amounts than the other two absorbing gases.
B. METHOD OF COMPUTATION

Elsasser's® graphical method was employed in the computations of the
upward flux, F,» and the downward flux, F4, and from these two the net

flux, F,, and the flux divergence were determined. While it is understood



that later, improved methods of computing fluxes of long-wave’

radiation are available, the use of Elsasser's earlier technique is
justified on the basis of (1) convenience, and (2) the fact that the
values obtained are thought to be sufficiently accurate to give a valid

pattern and the essential changes of the distribution of the radiation

parameters.

The optical path length, which was used in computing the fluxes from
the radiation charts, was corrected for the pressure-dependence of line-
broadening in the water-vapor spectrum according to London!. 1In its

final form, the corrected optical path length, u, is defined as:

p,
0.5 * P
u = T w D dp
P2 s

where g is the acceleration due to gravity, w is the mixing ratio,
p; and p, are the pressures at lower and upper boundaries, respectively,

of the atmospheric layer, and ps is the standard pressure, 1000 mb.

Flux computations were made to the tropopause (250-to-300-mb region)
using the mandatory levels of the radiosonde reports as reference levels.
Computations were made at additional levels at those times when an
inversion, a frontal surface, or a cloud was present. Since the
meteorological data were available only at 12-hour intervals, supplementary
soundings were composed from the synoptic time section for 6-hour periods.
Flux computations were then made for the shorter periods in order to

aid in the analyses of the radiation flux fields.

C. UPWARD FLUX

Figure 3 represents the time-sectional analysis of the upward flux,
Fu, of terrestrial radiation. It displays definite patterns of
distribution which show that 0 generally decreases with height and that
the largest decreases take place in the lower troposphere where the

water-vapor concentration is the greatest.

10
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- The most prominent features of the time section are the marked
diurnal variation of F,, and the effect of clouds on the vertical distri-
bution of Fy The diurnal variation of Fy is in phase with the ground
surface temperature such that the maximum at any one level occurs at the
time of the midday maximum of the ground surface temperature and the
minimum occurs at the time of the early-morning minimum of the surface
temperature. This "in phase'" time variation of the surface temperature
ane the vertical distribution of the B is the natural consequence of
the earth's surface radiating as a black body. It is evident throughout
the cloudless troposphere, but the absorption of terrestrial radiation

by water vapor somewhat dampens the relationship at the upper levels.

The effect of clouds is to decrease Fyo from clear sky conditions,
in the region of the atmosphere above the cloud tops. The largest
gradients in the distribution of F, occur above the edges of the cloud
layers and the time rate of change is greatest at those levels nearest
to the cloud tops. The uniform distribution of Fu above the clouds
reflects the uniformity of the cloud-top temperatures which were assumed
to be the same as the free-air temperatures. The black-body assumption
for the cloud surfaces results in the vertical distribution of F, ap-

proaching clear-sky conditions with decreasing height of the cloud tops.

With respect to the cloudless atmosphere, there is some change in

the magnitudes and in the distribution of Fa between the warm, moist air

ahead of the front and the cold, dry polar air behind it. 1In the former,
the flux values are generally larger throughout the air mass because of
the higher radiating temperatures [60 to 90 1y (3 hr)~! as compared to

50 to 70 1y (3 hr)-! behind the front], and the decrease of F, with height
is greater due to increased absorption brought about by the larger water-
vapor content. The polar air mass following the front exhibits the same
diurnal variation pattern of F; as in the pre-frontal air but its drier
nature results in greater transparency to terrestrial radiation. The
decrease of F, through a column from the earth's surface to the tropopause
is of the order of 7 to 15 1y (3 hr)~! in the polar air and

15 to 25 1y (3 hr)-! in the pre-frontal air.

12



There is no consistent trend in the F,; distribution through inversions.
Results of the analysis show both increases and decreases averaging about
2.0 1y (3 hr)~! from the bases to the tops of inversions, depending on the
strength (temperature gradient) and the moisture distribution through the

stable layer.

D. UPWARD FLUX AT THE TROPOPAUSE

The time variation of Fy passing through the tropopause level is shown
by the curve in the upper section of Fig. 3. The curve essentially repre-

sents the time variation of F, emerging from the top of the atmosphere,

since the inclusion of radiative exchanges by the small amount of water
vapor and by the other absorbing gases would not significantly alter the
configuration of the curve, although the magnitudes may be changed. For
instance, Hales and Zdunkowski* have computed the radiation fluxes of

water vapor, carbon dioxide, and ozone leaving the earth's atmosphere for
different types of air masses. While no direct comparison could be made
because their computations were made for different atmospheric conditions,
their values of radiative flux at the upper limit of the atmosphere are
less, by factors of 1.5 to 2.0, than the values of the upward flux at the
tropopause obtained in the present study. On the other hand, their results
show that the contribution to the total flux leaving the top of the atmos-
phere by water vapor, carbon dioxide, and ozone are in about the same ratio

for all air masses considered.

The relationship between the upward flux at the tropopause and the
radiative processes within the atmosphere may be seen from the upper curve
and the time cross section of Fig. 3. The largest values of the emergent
flux are found in the cloudless atmosphere at the time of the midday
maximum of the ground surface temperature. The diurnal variation of the
flux still oscillates in phase with the varistion of the ground surface
temperature but with less magnitude of change than in the lower tropo-
spheric levels. The outstanding feature is the sharp decrease of the
outward flux from clear-sky conditions at the periphery of the cloud
layers, with a more or less uniform distribution in the area above the

cloud top. proper. The decrease becomes greater wiith increasing height

13



of the cloud tops because of the lower cloud-top temperatures found at

the higher levels.

E. DOWNWARD FLUX

The changes in the distribution of the downward flux, F4y, are not
as pronounced as the ones depicted by the distribution patterns of F,.
However, some general remarks can be made from the time-sectional analysis

of the Fq distribution represented in Fig. 4.

An examination of the field shows, first of all, that Fd increases
from the tropopause to the earth's surface. There is no regular diurnal
variation of Fd and the variations in the distribution of Fq throughout
the day are‘small compared to the diurnal changes of F,. Instead of the
temperatu}e dependence characterized by the distribution of F,, the iso-
pleths of Fq parallel the mixing ratio isopleths in the region below
5 km, indicating the close relationship of Fq and the moisture distribution.

At the very high levels, the isopleths of Fq appear to parallel the

tropopause. This reflects, at least in part, the restrictions of the
computational method, namely, not taking into account the water vapor
above the tropopause. On the other hand, the small amount of water vapor
in the lower stratosphere would not change the flux values by an ap--
preciable amount. Hales and Zdunkowski® found that changing the temper-
ature and moisture distribution at high altitﬁdes in several different
ways did not result in any significant changes of the water-vapor flux

density.

The presence of a cloud produces a marked change in the vertical
distribution of Fq. Its effect is to increase, F4q, relative to clear sky
condition, below the cloud layer, with the largest increase occurring just
below the cloud base. With increasing optical path length from the cloud
base, the cloud effect on the vertical distribution of Fq 1s reduced and,
in the cases of partial cloudiness at 1500Z, 12 March and 0300Z, 13 March,
in the time section, it is completely damped out at about 5 km below the
cloud layers. The flux that reaches the earth's curface is affected more

by clouds with low bases than by those with bases at higher elevations.
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Analogous to the change in the upward flux distribution above cloud layers,
the largest change in the distribution of Fq -occurs at the leading or

trailing -edges of the ¢loud bases.

The larger amounts.of water vapor in the iower troposphere (<5 ka)
result in the rate of change of Fq in the vertical direction being greater
there than in the upper troposphere. This effect of increased water. vapor
is also shown by the difference in the gradients between the air masses.
In the moist air ahead 6f the front, the flux increages by approximately
30 1y (3 hr)™® from 5 km to the ground, while in the drier: air behind
it, the increase between the same two levels is a little over 20 ly
(3 hr)~'. The difference between the vertical gradients of Fy of the two
air masses is not as great for the tropospheric region from the tropopause

to the 5-km level.

The computed values of Fq in the clear sky show decreases of 0.5 to
3.0 1y (3 hr)"" from the bases to the tops of inversions. The small
changes of Fq with time mask the decrease of the flux through stable

layers, and thys the decrease does not appear in the time section.

F. DOWNWARD FLUX AT THE GROUND

The curve shown in the upper section of Fig. 4 represents the time
variation of Fq reaching the ground. In the cloudless sky, the change is
not too large over relatively long periods; for instance, between 1500Z,
12 March and 15002, 13 March, the flux values for the period vary
45 1y (3 hr)“ from the value at the start of the period. There 1is
partial cloudiness at 1500Z, 12 March and 0300Z, 13 March, but, as
mentioned before, the increase of Fq from the cloud bases is dampened by
the presence of water vapor in the lower atmosphere and the effect of
clouds on F; is not apparent at the ground. The most significant change
is the large increase of Fy brought about by the cloud layer during the
period 1500Z, 13 March to 0900Z, 14 March. The gradual change of Fq
reaching the earth’s surface at the beginning of the perioad is due to
(l) the gradual lowering of the cloud base, thus a gradual change of the
radiating temperature of the cloud base, and (2) the decrease of optical

path iength between the cloud base and the earth's surface over a
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relatively extended period. A more abrupt change from overcast to clear
sky, and then to overcast conditions, is displayed by the sharp decrease

and increase of the curve during 0300Z to 0900Z, 14 March.

G. FLUX DIVERGENCE

The rate of cooling was determined according to the following

expression (Elsasser?®):

Fn - Fn Fn " Fn
1 A 2 1 2

(_é?_) e E B = - 4,1 —8M8 (1)
At/ 3 ar c |apl P1 - P3

e p

where g is the acceleration due to gravity, p is the specific heat of
air at constant pressure, Fnl and p, represent the net flux and the
pressure, respectively, at the lower boundary of the atmospheric layer,
and Fn2 and p, are the net flux and pressure, respectively, at the upper
boundary of the atmospheric layer. The analysis of the rate of cooling

for the synoptic situation under investigation is shown in Fig. S.

The field of flux divergence or rate of cooling displays more
cellular patterns than does the upward or downward flux field. It is
difficult to establish any regular variations in the cooling patterns
or in the vertical distribution of radiative cooling in the clear sky.
In a very general sense, there appears to be relatively large cooling in
the cloudless atmosphere below 2.5 km; above this level the rate of

cooling decreases to about 5 km and then increases to a point below the

tropopause level.

The largest rates of cooling are found above the tops of cloud layers
and at or above the upper boundaries of inversions and fronts. Even with
partial cloudiness, the cooling above cloud layers is increased as compared
with either cloudless conditions or with the cooling rates just below the
cloud bases, The computed values of the radiative cooling rates above
cloud tops range from 0.08°C (3 hr)~! for 0.6 cloud cover at 1500Z,

12 March, to a maximum of 0.40°C (3 hr)~! for the overcast at 1500Z,
14 March,
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Below the cloud bases, less cooling takes place through fairly large
depths (2 to 4 km) of the troposphere below the clouds. The overcast
cover and the low level of the cloud base (higher radiating temperature)
result in a region of radiative heating below the cloud layer during the
period 1500Z, 13 March to 0300Z, 14 March. A small region of slight
heating is also indicated below the low cloud base at 0900Z, 14 March.
Below the clouds, the computed temperature changes range from a cooling

of 0.08°C (3 hr)~! to a heating of 0.14°C (3 hr)7?!.

The centers of gxtreme cooling above and near the leading edges of
clouds and the sharp gradient and discontinuity at the leading and
trailing edge of the cloud base ((1500Z, 13 March; 0300Z, 14 March) are
due to the assumption of a discontinuity in the flux distribution at the
periphery of the cloud layers. However, the general pattern of cooling
above the cloud layers and less cooling or heating below the cloud bases
are in agreement with the results of Alder.® He found maximum radiative
cooling to occur 2000 to 3000 ft above cloud tops, and maximum heating

below cloud layers to occur at the bases.

The largest rate of cooling [0.50°C (3 hr)-!] is found at the upper
boundary of the frontal surface. This is due largely to the large amount
of water vapor in the frontal zone, with a rapid decrease of water vapor
above. The rate of cooling decreases quite sharply through the frontal
layer and near the ground. The lower boundary exhibits a slight heating.
In a like manner, increased cooling is seen to take place at or above the
tops of inversion layers, with less cooling at the bases. The values
range from 0.20 to 0.36°C (3 hr)~! at the top, to 0.06 to 0.24°C (3 hr)~!

at the bases of the inversions.

Computations were made to determine the rate of cooling within
clouds by employing Ed. (1), in which a uniform rate of cooling is assumed
to take place throughou! the whole depth of the cloud layer. No study of
the cooling within a cloud was made other than to get an idea of the order
of magnitude. Hoffer$, using the same expression, found that the rate of
cooling within a cloﬁd was approximately a hyperbolic function of the
pressure thickness of the cloud layer and that if two clouds were of the

same pressure thickness, then the cloud with the base at a higher pressure

19



cooled more rapidly. The computed values of cooling are shown within

each cloud layer in the time section of Fig. 5.

H, LOSS OF ENERGY BY THE TROPOSPHERE

The curve above the time section of Fig. 5 shows the time varlation
of the net energy loss by long-wave radiative processes from an atmos-
pheric column extending from the earth's surface to the tropopause. The
positive values of the curve show that although there may be sub-synoptic
regions of long-wave radiative cooling and heating, the net effect of the
long-wave radiative processes is the loss of energy b<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>